Abstract. Stabilization of amorphous state is a focal area for formulators to reap benefits related with solubility and consequently bioavailability of poorly soluble drugs. In the present work, an attempt has been made to explore the potential of moringa coagulant as an amorphous state stabilizer by investigating its role in stabilization of spray-dried (amorphous) ibuprofen, meloxicam and felodipine. Thermal studies like glass forming ability, glass transition temperature, hot stage microscopy and DSC were carried out for understanding thermodynamic stabilization of drugs. PXRD and dissolution studies were performed to support contribution of moringa coagulant. Studies showed that hydrogen bonding and electrostatic interactions between drug and moringa coagulant are responsible for amorphous state stabilization as explored by ATR-FTIR and molecular docking. Especially, H-bonding was found to be predominant mechanism for drug stabilization. Therein, arginine (basic amino acid in coagulant) exhibited various interactions and played important role in stabilization of aforesaid amorphous drugs.
INTRODUCTION
Recent days have seen tremendous strides in the dissolution enhancement of poorly soluble drugs. Amorphous form of the solids is a high-energy state responsible for dissolution enhancement; but from thermodynamic view point, amorphous form of drug is a metastable state and tends to recrystallize on storage over a period of time (1) (2) (3) . So, formulation of stable amorphous form for successful drug delivery is becoming crucial step for formulation scientist. Stabilization of amorphous form of drug can be achieved by various methods like storage below the glass transition temperature (T g ); (4, 5) dilution by carrier; antiplasticization (6) , or allowing hydrogen bonding and/or electrostatic interactions between drug and polymer at molecular level (7) (8) (9) (10) (11) .
Exhaustive research has been carried out on stabilization of amorphous state solids using different polymers. Polyvinyl pyrrolidone (PVP), hydroxypropyl cellulose (HPC), gelucire and other carriers have been investigated to check their potential as stabilizer for amorphous form of drugs. PVP has been used to prevent devitrification of amorphous ketoconazole (12) . The significance of hydrogen bonding in stabilization of amorphous valdecoxib using PVP and HPC has been explored earlier (13) . Reports are available on comparative study of stabilization efficiency of gelucire 50/13 and PVP and investigation of mechanism involved (14) . Nanoporous silica xerogel, kaolin, and MgAl-hydrocalcite have been used in stabilization of amorphous nifedipine (15) , ibuprofen (16) , and celecoxib (17) respectively.
Moringa oleifera is a tropical plant belonging to the family
Moringaceae. It is non-toxic (18) and contains active coagulant characterized as dimeric cationic polypeptide having a molecular weight of 6-13 kDa and an isoelectric pH value in the range of 10-11 (19, 20) . Traditionally, moringa coagulant (MC) was used for water purification purposes. It acts as a surfactant (21) , solubility enhancer (22) , and stabilizer in amorphous formulations (23) . It has been reported that MC contains sequence of 60 amino acids with more amount of glutamine, arginine, and glycine (20) . The literature has revealed that exhaustive work has been contributed on arginine, an amino acid, which carries out dissolution enhancement; alone or in combination with hydroxypropyl-β-cyclodextrin (24) (25) (26) . Its interaction with gluten, coumarin, octyl gallate (27) , alkyl gallate (28, 29) , amorphous silica (30) , indomethacin (31) , lornoxicam (32) have demonstrated increased dissolution. These studies confirm that, structural components of amino acids responsible for dissolution enhancement may play vital role in establishing various interactions with amorphous drugs also, consequently stabilize them thermodynamically.
In the present study, attempt has been made to investigate potential of biopolymer MC in stabilization of amorphous state poorly soluble drugs. Spray-dried solid dispersions of ibuprofen; meloxicam and felodipine with MC were prepared. In order to understand the mechanism contributing for stability of the amorphous solid dispersions, various physicochemical characterizations like glass forming ability (GFA), glass transition temperature (T g ), hot stage microscopy (HSM), powder X-ray diffraction (PXRD), differential scanning calorimetry (DSC), and in vitro dissolution studies were carried out. Interactions taking place at molecular level were studied by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), molecular docking and interaction intensity, etc.
MATERIALS
Ibuprofen, meloxicam and felodipine were obtained as a gift sample from Cipla pharmaceuticals (Mumbai, India), Lupin Ltd. (Pune, India) and Mistair health and hygiene Pvt. Ltd. (Kolhapur, India) respectively. Moringa seed powder was supplied by Veg India Export (Tamil Nadu, India). All other chemicals were of analytical grade.
METHODS
Separately spray-dried drugs (ibuprofen (SDI), meloxicam (SDM) and felodipine (SDF)) and spray-dried solid dispersions (SDs) thereof (ibuprofen (SDIM), meloxicam (SDMM) and felodipine (SDFM)) in combination with MC in drug/MC ratio (1:2, 1:4, 1:6, 1:8, 1:10, w/w) were separately dissolved in suitable solvent system (ibuprofen and its SDs, ethanol 95%; meloxicam and its SDs, ethanol 95% and dichloromethane (DCM) mixture; felodipine and its SDs, methanol). The fine dispersion was spray-dried using a spray dryer (Advanced Labultima, LU-222, Mumbai, India) under set of conditions described in Table I . Spray-dried pure drugs and their solid dispersions with MC (SDI, SDM, SDF, SDIM, SDMM, and SDFM) were further dried in oven at 40°C for 24 h to remove moisture and residual solvent. SDs containing different drugs subjected to different evaluation studies.
Drug Content
Accurately weighed 20 mg of SDIM, SDMM and SDFM SDs was dissolved in aforementioned solvents for spray drying viz, ethanol 95%, ethanol-DCM mixture, and methanol, respectively, in which drug is completely soluble. Subsequently, the solution was shaken, sonicated, and filtered through Whatman filter paper no. 45. The filtrate was assayed spectrophotometrically (V-530, JASCO, Japan) at λ max 221, 362, 238 nm for ibuprofen, meloxicam, and felodipine, respectively.
Glass Transition Temperature (T g )
T g has been used as an indicator of phase behavior/miscibility of drugs and carriers. For SDs (1:6, drug/MC) it was predicted using the Gordon-Taylor equation.
Where w 1 and w 2 are weight fractions of each component and T g1 and T g2 are their corresponding T g values. k=δ 1 T g1 / δ 2 T g2 where δ 1 and δ 2 are the density of drug/s and MC, respectively (12) .
Glass Forming Ability
Diverse theories have been anticipated to understand vitrification phenomenon of solids (33) . GFA is a measure of tendency of amorphous drugs to remain in an amorphous state. The GFA describes the relative ability of compounds to form a glassy state upon supercooling of the melt. Good glass formers are ones for whom the probability of germinating a crystal rather than forming a glassy solid during cooling at normal rates is so small that crystallization does not take place. They have very low nucleation probabilities at temperatures between T g and Tm (melting temperature). On the contrary, poor glass formers require exceeding of a critical cooling rate for successful formation of glass (34) . Means, if difference between T g and Tm is more, probability of nucleation and consequently crystallization is more, thus resulting in less GFA. Turnbull (35) has proposed a classical parameter based on the assumption that the nucleation frequency in an undercooled melt is inversely proportional to its viscosity. The ratio of T g to Tm called as GFA, is a criterion for glass formation as the avoidance of a single nucleation event,
Hot Stage Microscopy
At thermomicroscope, drug crystals display prismatic morphology that progressively converts into liquid vesicles where melting occurs. Hot stage microscopy of SDs (1:6, drug/MC) was carried out by Leica DMLP polarized microscope and Leica LMV hot stage (Leica, Germany). Photographs were acquired using Leica DC 300 camera and analyzed using Leica IM50, version 1.20 release 19, image manager software. Hot plate was gradually heated at 20°C min −1 according to T g or melting point of samples (36) .
Accelerated Stability Studies
Stability study of pure drugs and SDs was performed by packing them in polyethylene laminated aluminum foils and storing under ICH specified accelerated stability conditions at SDI spray-dried pure ibuprofen, SDM spray-dried pure meloxicam, SDF spray-dried pure felodipine, SDIM SD of ibuprofen and MC, SDMM SD of meloxicam and MC and SDFM SD of felodipine and MC temperature 40°C and 75% relative humidity. Periodically, samples were withdrawn and characterized using following techniques.
Powder X-ray Diffraction PXRD patterns of pure drugs, spray-dried drugs, and SDs were obtained by Philips X-ray diffractometer (PW-3710, Holland) using Cu Kα radiation (λ=1.5405 Å) at voltage of 40 kV, and 30 mA current. The data recorded over a range of 10°to 50°at a scanning rate of 5×10 3 cps using a chart speed of 5 mm/2°.
Differential Scanning Calorimetry
DSC thermograms of pure drugs, spray-dried drugs and SDs were obtained using DSC 821 e (Mettler Toledo, Switzerland) instrument, operating with STAR e software, version 5.1, equipped with an intracooler. The samples (3-5 mg) were heated at 10°C to 350°C at rate 10°C/min. under dry nitrogen purge (80 ml/min) in crimped and pin-holed aluminum pans. The DSC instrument was calibrated for temperature and heat flow using high purity standards of gallium, indium, and tin.
In Vitro Dissolution Studies
In vitro dissolution studies of the pure drugs and SDs was carried out each drug in United States Pharmacopeia Type-II dissolution test apparatus (Electrolab, TDT 08L, Mumbai, India). The dissolution medium was 900 ml of phosphate buffer maintained at 37.5±0.5°C and stirred by paddles at 100 rpm. Aliquots, 5 ml were withdrawn at predefined time intervals and analyzed by UV spectroscopy at the λ max of 221, 362, 238 nm for pH of 7.2, 7.4, 6.8 for ibuprofen, meloxicam, and felodipine, respectively. The same amount of fresh phosphate buffer was used to replace at each time as amount withdrawn for respective dissolution media. Analysis of data was done using PCPDisso V3 software (BVCP, Pune, India). 
Interaction Studies
Where As and Ao represent the absorbance of the drug/ MC composite and free drug at respective λ max (38) .
RESULTS AND DISCUSSION
Drug content of SDIM, SDMM and SDFM was in the range of 90.31 to 95.37% (w/w), 95.30 to 98.78% (w/w) and 91.71 to 98.94% (w/w), respectively. SDs of ibuprofen, meloxicam and felodipine, at 1:6 proportions showed maximum, i.e., 85.85%, 93.25%, and 87.10% (w/v) drug dissolution (Table II) . It has been observed that significant increase (P<0.05) in % drug dissolution with increase in concentration of MC takes place in SDs up to 1:6 proportions, above which there was no significant dissolution enhancement. It may be due to saturation of all functionalities present in the drug with MC. As 1:6 proportions of SDIM, SDMM, and SDFM gives highest dissolution rate, they were used for further evaluation.
Glass Transition Temperature
Most current approaches on stability prediction involve evaluation of T g (39) . Generally, in an amorphous solid solution, the drug is molecularly distributed in an amorphous carrier. This type of solid dispersion is homogeneous on a molecular level. Therefore, only one phase is present, i.e., drug and carrier completely miscible and T g will appear somewhere between the T g of the carrier and drug (40) . From the DSC spectra (Fig. 1) SDIM , SDMM, and SDFM shows there was only a single T g over the entire temperature range of DSC measurements. This indicated complete miscibility of drugs and MC in the SDs. Gordon-Taylor equation used to predict physical stability of amorphous solid dispersion. If the drug and the carrier bind more strongly to each other, the T g will be higher than expected, because the stronger binding lowers chain mobility and vice-versa. Here, it was observed that T g value is greater than predicted T g by Gordon-Taylor equation. At the same T g of respective SD was also greater than T g of pure drugs and MC (ibuprofen 105.41°C, meloxicam 201.38°C, felodipine 63.28°C, and MC 72.88°C). From the above observation, it was concluded that there may be strong binding between drugs and MC which ultimately lowers chain mobility. Decreased molecular mobility is important parameter for physical stability of amorphous SD and greater molecular mobility has been regarded as the key factor responsible for their physical instability.
GFA
Drugs or carriers can be divided into poor (fragile) glass formers and good (strong) glass formers. In case of poor or fragile glass formers GFA ≤ 0.7 and good or strong glass formers GFA≥0.7. Good glass formers exhibit minimal molecular mobility changes at T g , and hence 
HSM
The thermomicroscopic pictures of SDIM, SDFM and SDMM in Fig. 2 revealed that ibuprofen, felodipine and meloxicam crystals were dissolved in the MC. HSM images showed characteristic images before T g and SDs exhibited supercooled liquid like appearance after T g .
Accelerated Stability Studies
SDs are partially or fully amorphous in nature and are thermodynamically unstable and have the tendency to change to a more stable state due to devitrification during storage. To predict the long-term stability of amorphous SD periodically samples were characterized for dissolution along with DSC and PXRD studies. (43), respectively. MC being amorphous in nature, spray drying of crystalline drugs or its SDs with MC achieves amorphous state (SDI, SDM, SDF, SDIM, SDMM and SDFM) and it is confirmed by the intensity (counts) at respective 2θ values as shown in Fig. 3 . Stability samples of amorphous drugs after 1 month showed complete devitrification (SDI1, SDM1 and SDF1); but its SDs with MC still stabilizing after 3 month and it clearly shown in SDIM3, SDMM3, and SDFM3 spectra.
PXRD

DSC
Thermal analysis of ibuprofen, meloxicam, and felodipine (Fig. 4) showed melting endotherm at 76.93°C, 257.8°C, and 145.85°C respectively. SDI, SDM, and SDF showed change in heat capacity indicating T g at 74.29°C, 201.3°C, and 138.9°C, respectively, which clearly indicates existence of amorphous state of the drugs. After 1 month, SDI1, SDM1 and SDF1 showed melting peak at 75.42°C, 257.1°C, and 144.28°C which indicates physical instability of amorphous state; it is due to conversion of high free energy (amorphous state) to less energetic (crystalline state). Spray-dried solid dispersions (SDIM, SDMM, and SDFM) showed shifting to lower temperature and broadening of melting endotherm at 73.84°C, 256.2°C, and 141.74°C and also 15.36%, 13.22%, and 16.02% crystallinity, respectively, indicates interactions and amorphization of the crystalline drugs. From the study of 3 month stability (SDIM3, SDMM3, and SDFM3) it was clear that after aging MC still stabilizing amorphous form of SDs. The mechanism behind stabilization is either alone or combination of reasons like dilution effect of the MC and/or interactions occurring at molecular level, like hydrogen bonding or any other weak electrostatic bonding between the two components of SD.
In Vitro-Dissolution Study
From dissolution data of pure drugs and SDs shown in Table II , amongst the SDs prepared, 1:6 ratio of SDMM shows highest dissolution and above that there was decreased dissolution rate. The drug release is influenced not only by concentration of MC, but also by the coagulation behavior of the MC, and the interactions between the drugs and the MC. 100% dissolution could not be achieved even at 6 h dissolution time at their respective phosphate buffer. The drug release was Fig. 2 . SDIM, SDFM and SDMM before T g a, b, and c; and after T g d, e, and f greatly slowed down after 1:6 concentration ie. The MC increases dissolution up to 1:6 ratio due to its polarity and wetting effect, but in higher concentrations its coagulation property may come to the forefront and it may slowdown the dissolution of the drug. It has been observed that MC improves the dissolution and stabilization of meloxicam, to a greater extent than ibuprofen and felodipine. It can be attributed to five hydrogen acceptors and two hydrogen donors of meloxicam, unlike other drugs.
ATR-FTIR Study
ATR-FTIR spectra (Fig. 5) , respectively. The appearance of above peaks, confirms the presence of amino acids like tyrosine, phenylalanine, tryptophan, arginine, cystine, etc.
Absence or shifting or broadening of characteristic peaks, in infrared spectrum of the SDs would indicate changes in the drug characteristics, amorphous form or possibilities of drug-MC interactions.
Ibuprofen -OH group interacts with C═O group of MC and peak get shifted to lower wavenumber 1,668.32 cm −1 . A new peak at 1,732.70 cm −1 was observed in the spectra of , respectively.
Molecular Docking
The best site of MC had a size of 221 squares with a hydrophobic index of the 37 and side residue 162. The active site has been found in chains 2, 3, and 4. The fourth chain contains most active amino acids in their binding site. The active amino acids found in the chains 2, 3, and 4 as following. Residues in chain 2 Arg27, Gln28, Gln31, Gln32, Leu34, Gln35, Leu45, Phe49, Ala71. Residues in chain 3 Leu2, Trp3, Cys5, Gln6, Phe9, Arg14. Residues in chain 4 Pro24, Arg27, Gln28, Gln31, Gln32, Leu34, Gln35, Arg36, Leu45, Phe49, Arg70, Ala71.
As arginine is a most active (basic) amino acid, it favoring more interaction with poorly soluble drugs (Fig. 6) . Ibuprofen exhibit possible hydrogen bonding interaction with ArgC14 and ArgD36 amino acids of MC and Gln D35 establish hydrogen bonding interaction with -OH group of ibuprofen by accepting hydrogen. OH and S═O group of meloxicam exhibit H-bond interaction with ArgD70 of MC. ArgD27 and ArgB27 forms H-bond interaction and arene cation interaction. Felodipine also interacts with ArgB27 and ArgD70 by H-bond and arene cation interaction. Molecular docking score of ibuprofen, meloxicam and felodipine was found to be −10.0126, −16.8289, and −14.5670, respectively.
Interaction Intensity
A quantitative evaluation investigated that upon the addition of MC the absorption intensity increased without significant shift on the λ max and it has been attributed to the presence of interactions between coagulant and drugs. In this case, these interactions correspond to the presence of the hydrogen bond. In order to evaluate existing interactions in the present study a representative factor (F) for the interaction intensity has been calculated. The interaction intensity of SDIM, SDMM, and SDFM at 1:6 proportion was found to be 0.038, 0.043, and 0.025, respectively (Fig. 7) , and from that it concludes that strong interactions taking place in SDMM than SDIM and SDFM due to various proton acceptor and donor functionalities present in drugs as stated earlier.
CONCLUSION
The present work is a successful attempt to stabilize amorphous state solids using MC. The investigations have revealed that miscibility and decreased molecular mobility of drug-coagulant solid dispersion contribute towards amorphous state stabilization. The mechanism behind stabilization seems to be dilution effect of the moringa coagulant; and/or interactions occurring at molecular level (hydrogen bonding and weak electrostatic interactions confirmed by ATR-FTIR, molecular docking and interaction intensity). Amongst solid dispersions studied, SDMM was found to be most stable due to maximum hydrogen acceptor (5) and donor (2) functionalities of meloxicam, least devitrification and maximum dissolution. Since arginine is the most active amino acid present in moringa coagulant, its predominate role in dissolution enhancement and stabilization can be confirmed.
ACKNOWLEDGMENTS
One of the authors (Santosh Bhende) is thankful to All India Council of Technical Education (AICTE, New Delhi, India.) for the financial support in terms of Junior Research Fellowship. We would like to thank Veg India Pvt. Ltd., for kind gift of moringa seed powder. 
